In the present work, quadratic mathematical models have been derived to represent the process behavior of wire electrical discharge machining (WEDM) operation. Experiments have been conducted with six process parameters: discharge current, pulse duration, pulse frequency, wire speed, wire tension and dielectric flow rate; to be varied in three different levels. Data related to the process responses viz. material removal rate (MRR), roughness value of the worked surface (a measure of surface finish, SF) and kerf have been measured for each of the experimental runs; which correspond to randomly chosen different combinations of factor setting. These data have been utilized to fit a quadratic mathematical model (Response Surface Model) for each of the responses, which can be represented as a function of the aforesaid six process parameters. Predicted data have been utilized for identification of the parametric influence in the form of graphical representation for showing influence of the parameters on selected responses. Predicted data given by the models (as per Taguchi's L 27 (3*6) Orthogonal Array (OA) design) have been used in search of an optimal parametric combination to achieve desired yield of the process: maximum MRR, good surface finish (minimum roughness value) and dimensional accuracy of the product. Grey relational analysis has been adopted to convert this multi-objective criterion into an equivalent single objective function; overall grey relational grade, which has been optimized (maximized) by using Taguchi technique. Optimal setting has been verified through confirmatory test; showed good agreement to the predicted value. This indicates utility of the grey-Taguchi technique as multi-objective optimizer in the field of wire EDM.
Introduction
WEDM is a thermo-electrical process in which material is eroded from the work piece by a series of discrete sparks between the work piece and the wire electrode (tool) separated by a thin film of dielectric fluid (deionized water) which is continuously fed to the machining zone to flush away the eroded particles. The movement of wire is controlled numerically to achieve the desired three-dimensional shape and accuracy of the work piece. The schematic diagram of WEDM is shown in Fig.1 along with dielectric flow, power supply, working table and other control devices.
It is evident from Fig.1 that it is absolutely essential to hold the wire in a designed position against the object because the wire repeats complex oscillations due to electro-discharge between the wire and work piece. Normally, the wire is held by a pin guide at the upper and lower parts of the work piece. In most cases, the wire will be discarded once used. However, there are problematic points that should be fully considered in order to enhance working accuracy. According to Trezise (1982) , the fundamental limits on machining accuracy are dimensional consistency of the wire and the positional accuracy of the worktable. Most of the uncertainties arise because the working region is an unsupported section of the wire, remote from the guides. The detailed section of the working region of the wire electrode is shown in Fig. 2 . Rajurkar and Wang (1993) analyzed the wire rupture phenomena with a thermal model. An extensive experimental investigation has been carried out to determine the variation of machining performance outputs viz., MRR and SF with machining parameters in the study. Tarng et al. (1995) used a neural network system to determine settings of pulse duration, pulse interval, peak current, open circuit voltage, servo reference voltage, electric capacitance, and Scott et al. (1991) used a factorial design method to determine the optimal combination of control parameters in WEDM, the measures of machining performance being the metal removal rate and the surface finish. Based on the analysis of variance, it was found that discharge current, pulse duration and pulse frequency are significant control factors for both the metal removal rate and surface roughness. Lok and Lee (1997) compared the machining performance in terms of MRR and surface finish through observations obtained by processing of two advanced ceramics under different cutting conditions using WEDM. Huang et al. (1999) investigated experimentally the effect of machining parameters on the gap width, the surface roughness, and the depth of white layer on the machined work piece surface. Rozenek et al. (2001) used a metal matrix composite as work piece material and investigated the variation of machining feed rate and surface roughness with machining parameters. investigated the effect of machining parameters on wire wear ratio based on the weight loss of wire in WEDM. introduced a statistical approach to determine the optimal machining parameters for minimum size of wire craters in WEDM. Mahapatra and Patnaik (2007) applied Taguchi method and Genetic Algorithm to obtain an optimal parametric combination to achieve desired quality of the machined product. It was found that; it may so happen, the optimal result predicted by GA cannot be achieved in reality; due to nonexistence of the optimal parameter combination in the machine. So, in reality a compromise has to be made to select the next possible factor combination; very close to the optimal. Taguchi method is comparatively advantageous in that context. It selects levels of parameters which are included in the capacity of parameter variation of the machine; and the optimal setting it offers, can be inserted to the machine. But the drawback of Taguchi technique is that it cannot solve multiobjective optimization problem. (Mahapatra and Patnaik, 2007) The most important performance measures in WEDM are metal removal rate, surface finish and cutting width (kerf). They depend on machining parameters like discharge current, pulse duration, pulse frequency, wire speed, wire tension and dielectric flow rate. Among other performance measures, the kerf, which determines the dimensional accuracy of the finishing part, is of extreme importance. The internal corner radius to be produced in WEDM operations is also limited by the kerf. The gap between wire and work piece usually ranges from 0.025 to 0.075 mm and is constantly maintained by a computer controlled positioning system. In WEDM operations, material removal rate determine the economics of machining and rate of production where as kerf denotes degree of precision.
In setting the machining parameters, particularly in rough cutting operation, the goal is threefold -the maximization of MRR, maximization of SF and minimization of kerf. Generally, the machine tool builder provides machining parameter table to be used for setting machining parameter. This process relies heavily on the experience of the operators. In practice, it is very difficult to utilize the optimal functions of a machine owing to there being too many adjustable machining parameters. With a view to alleviate this difficulty, a simple but reliable method based on statistically designed experiments is suggested for investigating the WIRE SUPPLY WHEEL WIRE DIAMETER SPARK GAP WIRE TAKE-UP REEL WIRE GUIDES effects of various process parameters on MRR, SF and kerf and determines optimal process settings. In the present work, data have been collected from few experimental runs with randomly chosen factor combinations. A quadratic model has been fitted for identification of the process to establish approximate interrelation among various process parameters as well as response variables. These mathematical models have been utilized to generate data as per Taguchi design. Finally, grey-based Taguchi technique has been adopted to evaluate the optimal process environment. 
Experimentation and Data Collection
The experiments have been performed on ROBOFIL 100 high precision 5 axis CNC WEDM, which is manufactured by Charmilles Technologies Corporation. The basic parts of the WEDM machine consists of a wire, a worktable, a servo control system, a power supply and dielectric supply system. The ROBOFIL 100 allows the operator to choose input parameters according to the material and height of the work piece and tool material from a manual provided by the WEDM manufacturer. The ROBOFIL 100 WED machine has several special features. The pulse power supply uses a transistor controlled RC circuit. The discharge energy is determined by the value of the capacitor that is parallel to the machining gap. The experimental set-up for the data acquisition of the sparking frequency and machine table speed is illustrated in Fig. 3 . The input and fixed parameters used in the present study are also listed in Table 1 . These have been chosen through review of literature, experience, and some preliminary investigations. Different settings of discharge current, pulse duration, pulse frequency, wire speeds, wire tension, and dielectric flow rate used in the experiments are shown in Table 2 . Each time an experiment has been performed, a particular set of input parameters has been chosen and the work piece, a block of D2 tool steel (1.5%C, 12% Cr, 0.6%V, 1% Mo, 0.6% Si, 0.6% Mn and balance Fe) with 200 mm × 25 mm ×10 mm size, has been cut 100 mm length with 10 mm depth along the longer length. A 0.25 mm diameter stratified wire (Zinc coated copper wire) with vertical configuration has been used and discarded once used. High MRR in WEDM without wire breakage can be attained by the use of zinc coated copper wire because evaporation of zinc causes cooling at the interface of work piece and wire and a coating of zinc oxide on the surface of wire helps to prevent short-circuits (Sho et al., 1989 The most important performance measures in WEDM are metal removal rate, work piece surface finish and cutting width. The surface finish value (in µm) has been obtained by measuring the mean absolute deviation, R a (surface roughness) from the average surface level using a type C3A Mahr Perthen Perthometer (stylus radius of 5 μm). The kerf has been measured using the Mitutoyo tools makers' microscope (x100), which can be expressed as sum of the wire diameter and twice of wire-work piece gap. The kerf value is the average of five measurements made from the work piece with 20 mm increments along the cut length. MRR is calculated as,
Here, k is the kerf, t is the thickness of work piece (10 mm), v c is cutting speed and ρ is the density of the work piece material (7.8 g/cm 3 ).
Table Figures and Equations
The response function representing each of the six responses can be expressed as follow: 
The coefficients of the linear regression model (equation 5) have been evaluated by statistical Software Package MINITAB 14. The level of significance of the factor coefficients have been checked by Analysis of Variance (ANOVA) technique at 95% confidence level. The final reduced models for MRR, SF and kerf are given below in equations (6) to (8); and represented graphically in the Appendix (Fig. a to r) . The trends have been found consistent to interpret the correlation among process parameters as well as process responses physically. Those trends have been tabulated in Table 11 of Appendix. 
Parametric optimization

Data generation as per Taguchi L 27 OA design
The WEDM process consists of three operations, a roughing operation, a finishing operation, and a surface finishing operation. Usually, performance of various types of cutting operations is judged by different measures. In case of finish cutting operation, the surface finish is of primary importance whereas both metal removal rate and surface finish are of primary importance for rough cutting operation. Dimensional accuracy is highly dependent on cutting width. This means that the rough cutting operation is more challenging because three goals must be satisfied simultaneously. Therefore, the rough cutting phase is investigated in the present approach considering three performance goals like MRR, SF and kerf. In this study, Taguchi method, a powerful tool for parameter design of the performance characteristics has been used to determine optimal machining parameters for maximization of MRR and minimization of SF and kerf in wire EDM.
Experiments have been carried out using Taguchi's L 27 Orthogonal Array (OA) experimental design which consists of 27 combinations of six process parameters. According to the design catalogue (Peace, 1993) prepared by Taguchi, L 27 Orthogonal Array design of experiment has been found suitable in the present work. It considers four process parameters (without interaction) to be varied in three discrete levels. Based on Taguchi's L 27 Orthogonal Array design (Table 3) , the predicted data provided by the mathematical models can be transformed into a signal-to-noise (S/N) ratio; based on three criteria. The characteristic that higher value represents better machining performance, such as MRR, 'higher-the-better, HB; and inversely, the characteristic that lower value represents better machining performance, such as surface roughness, kerf is called 'lower-the-better', LB. Therefore, HB for the MRR, LB for the SF and kerf have been selected for obtaining optimum machining performance characteristics. The loss function (L) for objective of HB and LB is defined as follows: 1  1  2  1  1  1  1  2  2  3  1  1  1  1  3  3  4  1  2  2  2  1  1  5  1  2  2  2  2  2  6  1  2  2  2  3  3  7  1  3  3  3  1  1  8  1  3  3  3  2  2  9  1  3  3  3  3  3  10  2  1  2  3  1  2  11  2  1  2  3  2  3  12  2  1  2  3  3  1  13  2  2  3  1  1  2  14  2  2  3  1  2  3  15  2  2  3  1  3  1  16  2  3  1  2  1  2  17  2  3  1  2  2  3  18  2  3  1  2  3  1  19  3  1  3  2  1  3  20  3  1  3  2  2  1  21  3  1  3  2  3  2  22  3  2  1  3  1  3  23  3  2  1  3  2  1  24  3  2  1  3  3  2  25  3  3  2  1  1  3  26  3  3  2  1  2  1  27  3  3  2  1  3  2 The S/N ratio can be calculated as a logarithmic transformation of the loss function as shown below. 
The optimal setting would be the one which could achieve highest S/N ratio. However, traditional Taguchi method can optimize a single objective function; it cannot solve multi-objective optimization problem (Datta et al., 2006; . So, MRR, SF and kerf can be optimized individually by using this Taguchi technique. But it may so happen that, the optimal setting for a response variable cannot ensure other response variables within acceptable limits. So, one should go for such an optimal parameter setting so that all the objectives should fulfill simultaneously; (maximum MRR, minimum SF and minimum kerf). These will be achieved using grey based Taguchi method as discussed below. This method can convert several objective functions into an equivalent single objective function (representative of all desired response characteristics of the product/process), which would be maximized next.
Grey relational analysis theory
In grey relational analysis, experimental data i.e. measured features of quality characteristics are first normalized ranging from zero to one. The process is known as grey relational generation. Next, based on normalized experimental data, grey relational coefficient is calculated to represent the correlation between the desired and actual experimental data. Then overall grey relational grade is determined by averaging the grey relational coefficient corresponding to selected responses. The overall performance characteristic of the multiple response process depends on the calculated grey relational grade. This approach converts a multiple response process optimization problem into a single response optimization situation with the objective function is overall grey relational grade. The optimal parametric combination is then evaluated which would result into highest grey relational grade. The optimal factor setting for maximizing overall grey relational grade can be performed by Taguchi method.
In grey relational generation, the normalized data i.e. surface finish and cutting width, corresponding to lower-the-better (LB) criterion can be expressed as (Datta et al., 2008) :
MRR should follow higher-the-better criterion (HB), which can be expressed as: . The reference sequence ) ( 0 k x represents the best process sequence; therefore, higher grey relational grade means that the corresponding parameter combination is closer to the optimal. The mean response for the grey relational grade with its grand mean and the main effect plot of grey relational grade are very important because optimal process condition can be evaluated from this plot.
Grey-Taguchi technique for multi-objective optimization
Generated data (Table 4) have been normalized first (grey relational generation). The normalized data for each of the parameters of process output viz. MRR, R a, Kerf have been furnished in Table 5 . Grey relational coefficients for each performance characteristics have been calculated and furnished in Table 7 . This calculation requires the estimation of quality loss i 0 Δ of each response from its best suited value (Table 6 ). These grey relational coefficients for each response have been accumulated to evaluate overall grey relational grade (Table 8) . Equal weight age has been given to all the responses (0.333). The mean response Table for the overall grey relational grade is shown in Table 9 . The optimal parameter setting has been evaluated from the Figure  3 . The optimal setting comes:
The optimal setting has been verified by confirmatory test, showed good agreement with the predicted value. This has been shown in Table 10 . Within selected experimental domain the most significant factor becomes pulse duration. Next to pulse duration wire speed, pulse frequency dielectric flow rate, discharge current and wire tension are the parameters in order to influence on responses. 
Mean of SN ratios
S/N ratio for overall grey relational grade -2.62050 -2.5900
Conclusions
In the foregoing reporting, an attempt has been made to establish mathematical models to highlight parametric influence on three selected process responses: material removal rate, surface roughness value and width of cut. Response Surface Method has been found efficient for prediction of process responses for various combinations of factor setting. Apart from modeling and simulation, application of grey based Taguchi technique has been utilized to evaluate optimal parameter combination to achieve maximum MRR, minimum roughness value and minimum width of cut; with selected experimental domain. This method is very reliable for solving multi-objective optimization problem; for continuous quality development of the process/product. In the foregoing research it has been assumed that all response features are uncorrelated i.e. they are independent to each other. The response correlation if it exists may be considered in future research. 
